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PURPOSE:  The  U.S.  Army  Corps  of  Engineers  (USACE)  is  striving  to  design,  evaluate,  and 
manage  its  large-scale  engineering  projects  in  a  sustainable,  environmental  context  that  extends 
beyond  traditional  project  boundaries.  This  approach,  which  frames  a  project  as  part  of  a  larger, 
functioning  ecosystem,  was  articulated  in  “The  Environmental  Operating  Principles”  by  the 
Chief  of  Engineers  (Flowers  2002)  and  has  been  adopted  by  the  System-Wide  Water  Resources 
Program  (SWWRP).  The  goal  is  to  promote  environmental  sustainability  and  sound  stewardship 
by  adopting  an  ecosystem  view. 

BACKGROUND:  Traditionally,  the  design,  operation,  and  maintenance  of  USACE  projects 
have  relied  heavily  on  models  (both  physical  and  numeric)  as  engineering  tools.  The  reliance  on 
models  by  the  USACE  will  continue  and  probably  increase,  but  the  broad  view  expressed  in  the 
Environmental  Operating  Principles  requires  that  the  capabilities  of  these  engineering  models  be 
expanded  to  address  more  of  the  biological  aspects  of  the  environment  (i.e.,  higher  trophic  levels 
and  the  entire  ecosystem).  This  can  be  accomplished  by  (1)  incorporating  additional,  ecological 
(biological)  features  into  existing  physical-chemical,  engineering  models,  (2)  coupling  existing 
physical-chemical  models  with  existing  ecological  models,  or  (3)  creating  entirely  new  models 
that  encapsulate  the  necessary  physical,  chemical,  and  biological  features.  Because  a  very  large 
investment  has  been  made  in  engineering  models  and  ecological  models  (both  within  and  beyond 
the  USACE),  it  is  hoped  that  the  existing  inventory  of  models  can  be  used  to  produce  new  mod¬ 
eling  capabilities,  without  a  large  investment  in  additional  models. 

If  ecological  models  are  to  be  successfully  coupled  to  engineering  models,  or  if  more  ecological 
processes  are  to  be  incorporated  into  existing  engineering  models,  then  it  is  critical  to  understand 
the  basic  obstacles  that  must  be  overcome,  and  some  of  the  fundamental,  underlying  principles  of 
ecology,  ecosystems,  and  ecological  modeling.  The  objectives  of  this  document,  therefore,  are  to 
(1)  present  some  of  the  significant  concepts  and  obstacles  that  must  be  addressed  when  ecologi¬ 
cal  models,  which  have  a  biological  or  organismal  emphasis,  are  linked  to  engineering  models  of 
physical-chemical  processes,  and  (2)  provide  an  introduction  to  the  ecosystem  concept  and  its 
history  by  way  of  a  literature  review  and  bibliography. 

MODELS  AND  ECOSYSTEMS:  The  natural  world  can  be  complex  beyond  comprehension, 
and  models  (mental  as  well  as  numeric)  are  a  way  to  simplify  this  complexity.  Good  models  only 
address  those  aspects  of  the  system  that  cannot  be  ignored,  and  these  models  may  allow  for  the 
exploration  of  systems  and  processes  that  cannot  be  directly  accessed  or  manipulated 
(Heemskerk  et  al.  2003,  Jackson  et  al.  2000).  Models  can  be  more  or  less  quantitative,  determi¬ 
nistic  and  mechanistic,  abstract  and  empirical.  They  help  define  questions  and  concepts  more 


1 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1 .  REPORT  DATE  2.  REPORT  TYPE 

JUL  2007  N/A 

3.  DATES  COVERED 

4.  TITLE  AND  SUBTITLE 

The  Ecosystem  Concept  and  Linking  Models  of  Physical-Chemical 
Processes  to  Ecological  Responses:  Introduction  and  Annotated 
Bibliography 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROIECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Engineering  Research  and  Development  Center  Vicksburg,  MS  39180 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR'S  ACRONYM(S) 

11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

The  original  document  contains  color  images. 

14.  ABSTRACT 

15.  SUBIECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF:  17.  LIMITATION  OF 

18.  NUMBER  19a.  NAME  OF 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  S  AR 

unclassified  unclassified  unclassified 

26 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


ERDC  TN-SWWRP-07-3 
July  2007 

precisely,  generate  hypotheses,  assist  in  testing  these  hypotheses,  and  generate  predictions 
(Turner  et  al.  2001).  The  builder  of  a  model  must  choose  those  aspects  of  the  system  that  will  be 
included,  the  frame  of  reference  for  the  model,  the  relations  of  interest  (or  importance)  between 
the  model  parts,  and  the  mechanisms  by  which  the  parts  interact.  The  model-building  process 
identifies  errors  in  assumptions  and  missing  infonnation;  it  explores  the  model’s  behavior,  and 
reveals  gaps  in  understanding  about  connections  and  causalities  in  the  system.  The  building 
process  can  sometimes  be  more  informative  than  the  model  itself  (Levins  1966,  Jackson  et  al. 
2000,  Taylor  2000). 

Ecosystems.  Ecosystems  seem  exceptionally  well-suited  to  a  modeling  approach.  They  are 
complex,  and  their  dynamic  network  of  positive  and  negative  interactions  has  parallels  in  the 
feedback  and  control  mechanisms  of  systems  engineering.  Consequently,  a  linkage  emerged 
early  on  between  systems  engineering  and  ecology.  This  merger  led  to  the  development  of  fields 
called  variously  “ecological  engineering,”  “ecosystems  modeling,”  and  “systems  ecology” 
(White  et  al.  1992).  Rapid  advances  in  computing  capability  have  accelerated  development  in 
these  fields,  and  many  of  the  mechanistic,  ecological  models  that  have  been  produced  are  similar 
in  many  ways  to  the  engineering  models  used  in  hydraulics  and  hydrology.  It  may  seem  strange, 
therefore,  that  engineering  models  of  the  physical  and  chemical  processes  associated  with  water 
and  its  movement  are  not  readily  coupled  to  models  that  focus  on  ecological  patterns  and  proc¬ 
esses  in  these  same  systems. 

The  US  ACE  has  successfully  used  numeric  and  physical  models  to  simulate  the  movement  of 
water  across  wide  scales  of  time  and  space,  ranging  from  seconds  to  years  in  time  and  centime¬ 
ters  to  tens  or  hundreds  of  kilometers  in  spatial  extent.  Some  engineering  models  have,  in  fact, 
combined  ecological  phenomena  with  physical  and  chemical  processes  (turbidity,  nutrient 
absorption/desorption).  But  these  ecological  phenomena  have  generally  been  limited  to  those  that 
are  mediated  by  microorganisms  (e.g.  oxygen  consumption,  denitrification,  and  algal  blooms), 
and  little  progress  has  been  made  in  integrating  ecological  models  of  higher  trophic  levels  (e.g. 
migratory  fish).  Such  higher-level  models  are  used  extensively  by  biologists  and  are  now  needed 
increasingly  by  engineers  involved  in  water  resource  management  and  restoration.  Nestler  et  al. 
(2000)  suggest  that  differing  scales  of  interest  create  a  fundamental  difference  between  engineer¬ 
ing  models  and  most  ecological-biological  models,  and  that  this  difference  has  resulted  in  the 
development  of  very  different  modeling  approaches  by  the  two  disciplines.  The  authors  contend 
that  these  two  disciplines  can  be  successfully  bridged  under  favorable  circumstances,  but  it  is 
generally  far  more  difficult  than  it  may  at  first  appear;  basic  principles  of  scale  and  hierarchy 
appear  to  be  a  major  source  of  this  difficulty. 

Concepts  and  Software  Code.  Not  all  the  ecological  models  in  wide  use  today  are  numeri¬ 
cal  simulations,  some  are  simple  quantitative,  or  qualitative  rules,  or  indices,  to  predict  biological 
response  to  the  ambient  environment  (defined  in  many  differing  ways).  Many  of  today’s  ecologi¬ 
cal  models  are  also  taking  advantage  of  recent  technological  developments  in  geographic  infor¬ 
mation  systems  (GIS)  to  expand  or  refine  their  applicability,  and  make  them  easier  to  use,  but 
few,  if  any,  are  directly  coupled  to  detailed,  numeric  simulations  that  focus  on  the  ambient 
physical-chemical  environment. 

This  document  does  not  address  the  technical  details  of  authoring  computer  codes  that  transfer 
data  from  one  computer  program  (model)  to  another.  This  transfer  of  infonnation  seems 
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relatively  straightforward  and  mechanical  once  conceptual  issues  are  resolved  and  the  informa¬ 
tion  that  can  (or  should)  be  transferred  has  been  identified.  However,  the  conceptual  issues  of 
how  (if)  information  generated  by  one  model  can  be  made  meaningful  to  another  model  operat¬ 
ing  in  a  totally  different  context  of  time,  space,  and  relations  seem  problematic.  This  is  the  key  to 
successful  connections  among  models.  These  conceptual  issues  are  not  likely  to  be  resolved  in  a 
generic,  automatic  manner  that  is  applicable  to  a  wide  range  of  models  and  readily  amenable  to 
computer  coding  (i.e.  expressed  as  a  computer  algorithm).  Computerized  “expert  systems”  or 
artificial  intelligence  may  have  the  potential  to  facilitate  the  model-linking  process,  but  this 
seems  a  rather  distant  possibility. 

DRIVERS  AND  RESPONSES:  Models  and  modelers  often  use  the  term  “drivers,”  which  can 
be  defined  as  human  and  biophysical  forces  that  produce  change  in  the  biophysical  patterns  and 
processes  of  an  ecosystem.  For  example,  physical-chemical  conditions  and  processes  can  be 
viewed  as  the  primary  drivers  of  many  ecological  responses.  In  ecological  modeling,  a  major 
challenge  is  to  appropriately  link  the  ecological  effect  (or  response)  to  its  physical-chemical  and 
biological  drivers  (causes).  Successful  numeric  models  have  been  constructed  to  simulate  some 
of  the  important  drivers  in  ecosystems.  For  example,  extremely  complex  and  successful  numeri¬ 
cal  models  have  been  created  to  simulate  the  movement  of  water  (hydrologic  and  hydraulic  mod¬ 
els)  across  a  wide  range  of  environmental  settings  (from  pipes  to  small  streams  to  large  rivers 
and  lakes  to  entire  oceans).  The  interactions  of  wind,  water,  heat,  and  some  chemical  reactions 
have  also  been  successfully  incorporated  into  these  numerical  models.  If  the  issues  of  scale  and 
hierarchy  can  be  successfully  addressed,  then  these  models  should  be  able  to  provide  important 
driver  information  to  “higher  level”  ecological  models. 

Unfortunately,  many  physical-chemical  models  are  intended  to  explore  the  behavior  of  physical 
and  chemical  processes  (such  as  water  velocity  and  temperature  changes)  in  response  to  changes 
in  their  own  drivers  or  boundary  conditions  (e.g.,  the  operation  of  a  discharge  structure,  or  preci¬ 
pitation),  and  often  operate  at  fine  scales  of  time  and  space  (seconds-centimeters).  They  are  not 
intended  generally  to  provide  driver  input  to  biological-ecological  processes  that  respond  at 
higher  levels  in  the  hierarchy,  often  at  coarser  scales  of  time  and  space  (days-kilometers)  than  the 
engineering  model.  In  general,  many  existing  physical-chemical  models  do  not  lend  themselves 
directly  to  simulating  larger-scale  patterns  of  habitat  (e.g.,  seasonal  water  velocity  regimes),  or 
biotic-abiotic  interactions  (e.g.,  light  penetration  and  algal  standing  crop),  or  biological  adapta¬ 
tions  (at  the  physiological,  species,  or  community  level)  that  play  such  a  large  role  in  the  biotic 
characteristics  of  an  ecosystem.  In  particular,  most  of  these  models  do  not  allow  higher  levels  in 
the  hierarchy  to  provide  feedback  that  can  influence  events  back  down  at  their  level.  For  exam¬ 
ple,  a  detailed  sediment-resuspension,  light-availability  model  is  unlikely  to  account  for  longer- 
term  changes  in  the  environment  (e.g.,  growth  of  aquatic  plants)  that  will  alter  the  model’s  boun¬ 
dary  conditions  or  basic  assumptions  (e.g.  sediment  properties  or  shear  forces).  Likewise,  most 
typical  ecological  models  will  simplify,  assume,  or  ignore  many  of  the  fine-scale  details  of  the 
physical-chemical  environment.  Unless  the  interaction  of  the  biota  with  the  physical-chemical 
drivers  is  an  immediate  focus  of  an  ecological  model,  there  is  apt  to  be  no  provision  for  the  eco¬ 
logical  model  to  receive  input  from  a  detailed  simulation  of  these  lower-level  physical  processes, 
nor  is  there  apt  to  be  any  mechanism  for  the  higher  levels  in  the  ecological  model  to  influence 
(provide  feedback  to)  the  lower  level  processes.  In  most  cases,  the  lower  level  processes  are  con¬ 
sidered  independent  “drivers”  of  the  system  and  the  “typical”  behavior  of  these  drivers  is 
assumed  or  implied,  and  incorporated  into  the  various  calibration  factors  of  the  ecological  model. 
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Because  the  drivers  are  not  an  explicit  feature  in  the  model,  any  significant  change  in  their 
behavior  requires  the  model  to  be  empirically  “recalibrated.” 

REFERENCE  FRAMES  AND  CURRENCIES:  In  spatially  explicit  models  that  address 
movement  and  transport  of  objects  or  material,  there  are  generally  two  frames  of  reference  that 
can  be  used.  One  of  these,  named  for  Leonhard  Euler  (Swiss  mathematician,  1707-1783)  is  the 
view  of  a  system  in  motion  from  the  perspective  of  a  stationary  observer.  The  Eulerian  view 
tracks  the  motion  of  materials  or  particles  through  a  stationary  grid.  The  alternative  approach, 
named  for  Joseph-Louis  Lagrange  (1736-1813)  is  the  view  of  a  system  in  motion  from  the  per¬ 
spective  of  an  observer  who  is  moving  along  with  the  system.  The  Lagrangian  view  tracks  the 
properties  of  the  particle  or  material  as  it  moves.  For  example,  in  a  river  system,  the  Eulerian 
frame  of  reference  is  the  view  of  the  water  from  a  stationary  point  on  the  riverbank.  The  Lagran¬ 
gian  frame  of  reference  is  the  view  of  a  water  parcel  as  might  be  seen  from  a  boat  drifting  along 
in  the  river  current. 

Most  engineering  models  use  a  Eulerian  framework  to  divide  the  physical  domain  into  a  grid  of 
discrete,  interconnected  cells.  These  Eulerian  models  typically  employ  a  series  of  assumptions 
(from  Nestler  et  al.  2000): 

•  Processes  of  interest  can  be  averaged  within  cells  without  significant  loss  of  accuracy. 

•  Particles  and  processes  are  uniformly  dispersed  within  cells. 

•  Individual  particles  lose  their  separate  identities  within  cells. 

•  A  grid-specific  origin  is  used  to  implement  conservation  of  mass  and  momentum 
concepts. 

•  Space  within  the  physical  domain  of  interest  represented  by  the  grid  is  organized  into 
three-dimensional  (3-D)  Cartesian  representation  using  x,  y,  and  z  axes. 

The  Eulerian  framework  appears  to  work  best  when  the  process  being  simulated  integrates  over 
small  spatial  scales  and  short  temporal  scales  relative  to  the  grid  size  and  time-step  so  that  the 
error  produced  by  successive  averaging  processes  within  and  between  cells  is  small.  These  proc¬ 
esses  and  the  constituents  they  produce  and  transform  can  then  be  advected,  dispersed,  and  trans¬ 
formed  within  the  grid  representation  of  the  physical  domain  (Nestler  et  al.  2005). 

By  comparison,  many  biological  or  ecological  models  focus  on  individual  members  of  higher 
trophic  levels  (such  as  individual  fish)  and  in  these  models,  the  movement  of  the  individuals, 
their  orientation  in  space,  and  their  individual  histories  over  time  are  important  features  that  must 
be  preserved  (simulated  and  tracked).  This  is  more  typical  of  a  Lagrangian  reference  frame  and 
the  assumptions  of  a  Eulerian  framework,  listed  previously,  are  often  violated  by  the  individuals 
in  these  models  (after  Nestler  et  al.  2000),  as  follows: 

•  Individuals  cannot  be  averaged  within  cells  because  the  movement  of  individuals  cuts 
across  multiple/differing  cells  within  one  time-step  and  because  their  range  of  movement 
in  a  single  time-step  significantly  exceeds  water  velocities  associated  with  advection  and 
dispersion.  Therefore,  their  movement  cannot  be  simulated  using  only  advection  and  dis¬ 
persion  algorithms. 
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•  If  individuals  are  uniformly  dispersed  within  cells  and  lose  their  individual  identity,  then 
there  is  substantial  loss  of  accuracy.  The  movements  of  individuals  may  change  with 
gender,  size,  age,  stage,  physiological  condition,  and  recent  history  as  well  as  ambient 
conditions  in  the  surrounding  environment.  Therefore,  the  identities  and  histories  of  indi¬ 
viduals  must  be  preserved  as  they  move  through  the  model  domain. 

•  The  grid-specific  global  origin  and  vector  depiction  of  flow  fields  common  to  Eulerian 
frameworks  (necessary  to  implement  conservation  of  mass  and  momentum)  are  inade¬ 
quate  to  describe  the  spatial  orientation  of  most  large,  mobile  organisms.  Such  organisms 
can  orient  to  streamlines  and  other  features  in  their  immediate  environment  and  they  thus 
use  a  local  origin,  perhaps  their  own  location,  or  an  immediate  feature  and  not  the  global 
origin  of  a  Eulerian  system. 

Nestler  et  al.  (2000,  2005)  have  shown  that  in  specific,  well-conditioned  situations,  it  is  possible 
to  link  a  Eulerian  engineering  model  to  a  Lagrangian  ecological  model  of  fish  movements. 
Therefore,  these  differing  frameworks  are  not,  of  necessity,  an  insurmountable  obstacle  to  model 
linkage.  More  details  from  the  Nestler  et  al.  (2005)  example  are  presented  later. 

Closely  related  to  the  frame  of  reference  used  by  a  model  is  the  manner  in  which  material, 
energy,  or  information  is  expressed  and  transferred  among  model  components,  also  know  as 
model  ‘currency.’  A  major  task  in  the  development  of  some  models  is  to  express  all  exchanges 
and  material  balances  in  a  common  currency  (e.g.,  grams  of  carbon).  This  can  be  awkward,  arti¬ 
ficial,  and  inaccurate  within  a  single  model,  especially  when  it  involves  conversions  between 
matter  and  energy,  or  between  total  mass  and  numbers  of  individuals,  but  a  common  currency 
can  simplify  model  construction  and  operation.  When  two  models  are  linked,  it  is  usually  neces¬ 
sary  for  the  points  of  linkage  to  use  the  same  currency.  In  some  cases  this  can  be  a  simple  con¬ 
version  of  units  (e.g.  from  English  to  metric),  but  in  other  instances,  the  difference  may  be  more 
fundamental  and  conceptual,  and  no  strict  conversion  is  really  possible  (e.g.  turbidity  vs.  sus¬ 
pended  solids).  The  serious  issue  of  currency  mismatch  is  hinted  at  by  Nestler  et  al.  (2005)  in 
their  discussion  of  mass  versus  individuals  in  Eulerian  and  Lagrangian  frameworks,  and  we  can 
easily  conceive  of  a  difficult  situation  that  makes  simple  linkage  impossible.  For  example,  sup¬ 
pose  an  ecological  model  is  based  on  individuals  as  the  response  (individual  fish)  and  also  uses 
individuals  as  a  driver  (i.e.,  the  concentration  of  algal  cells  per  mL  in  a  discrete  vertical  layer), 
but  the  candidate  engineering  model  provides  information  only  on  total  algal  biomass  (as  grams 
of  carbon)  in  two  broad  vertical  zones.  Experts  who  are  familiar  with  the  two  models  and  the 
specific  system  being  simulated  could  possibly  work  out  an  interface  algorithm  that  would  allow 
these  two  models  to  meaningfully  communicate  with  each  other,  but  it  would  not  be  a  generic, 
automatic  solution.  Additional  field  data  would  probably  be  needed,  and  the  accuracy  of  the 
resulting  linked  pair  might  be  less  than  acceptable. 

SCALE  AND  HIERARCHY:  The  terms  scale  and  hierarchy  have  been  used  without  much 
explanation  to  this  point;  a  more  complete  introduction  is  now  in  order.  Ecosystems  can  be 
viewed  as  organized  into  differing  hierarchical  levels  that  function  at  differing  temporal  and  spa¬ 
tial  scales.  Each  higher  level  in  the  hierarchy  is  comprised  of  the  lower,  simpler  levels,  as  well  as 
all  the  processes  at  those  lower  levels.  In  addition,  the  hierarchy  includes  a  suite  of  interactions 
of  a  given  level  with  the  higher  levels  above  and  the  lower  levels  beneath.  For  example,  the 
dynamics  of  a  population  of  salmon  can  be  considered  as  one  component  in  a  higher  level 
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aquatic  community.  The  community  level  will  incorporate  interactions  between  differing  popula¬ 
tions  (components  at  the  lower  level)  that  are  not  completely  depicted  at  the  level  of  the  indivi¬ 
dual  components  (e.g.  the  salmon  population).  As  a  result,  the  description  (and  behavior)  of 
population  dynamics  at  the  community  level  will  likely  differ  from  population  dynamics  at  the 
population  level,  because  additional  processes  must  be  included  as  hierarchical  levels  increase. 
Odum  (1971)  stated  it  simply,  “An  ecosystem  is  more  than  the  sum  of  its  parts.” 

The  concepts  of  scale  and  hierarchy  in  ecological  systems  and  systems  in  general  have  been  dis¬ 
cussed  at  length  for  more  than  20  years  by  a  host  of  authors,  including  Tim  Allen  at  the  Univer¬ 
sity  of  Wisconsin  (cf.  Allen  and  Starr  1982,  O’Neill  et  al.  1986,  Ahl  and  Allen  1996,  Rosswall 
et  al.  1988,  Allen  and  Hoekstra  1992,  Schneider  1994,  Peterson  and  Parker  1998).  All  this  activ¬ 
ity  is  driven,  in  part,  by  a  recognition  that  the  processes  within  ecological  systems  operate  at 
multiple  scales  of  space  and  time  and  with  hierarchical  patterns  of  organization.  Some  ecologists 
have  suggested  that  “the  problem”  of  scale  is  the  central  question  in  ecology  (Allen  and  Starr 
1982,  Levin  1992).  The  problem  is  how  to  relate  processes  that  occur  on  differing  scales  of  space 
and  time  to  ecological  patterns  and  dynamic  behaviors  observed  on  other  scales  of  space  and 
time,  in  other  words,  linking  drivers  and  responses  across  spatial-temporal  scales  (King  1991, 
Ehleringer  and  Field  1993). 

In  the  case  of  mechanistic  physical-chemical  models,  the  phenomena  of  interest,  and  the  aspects 
of  the  system  that  must  be  included,  dictate  the  model’s  scale  of  time  and  space.  These  typically 
range  from  seconds  to  hours  and  from  centimeters  to  kilometers.  Because  organisms  and  popula¬ 
tions  may  integrate  the  effects  of  the  environment  over  larger  scales  of  time  and  space,  many 
ecological  models  have  larger  time  and  space  scales  that  range  from  days  to  centuries  and  centi¬ 
meters  to  hundreds  or  thousands  of  kilometers,  respectively.  An  immediate  problem  thus  arises 
in  connecting  models  with  differing  spatial  and  temporal  extent.  There  is  also  a  question  of 
“grain”  or  resolution  in  these  scales,  and  the  hierarchical  structures  of  an  ecosystem  (i.e.  features 
and  processes  that  occur  at  specific  scales  of  time  and  space)  have  proven  extremely  troublesome 
in  creating  model  linkages  (numeric  or  conceptual). 

It  is  important  to  recognize  that  the  basic  perception  of  ecosystem  properties,  such  as  stability 
(Turner  et  al.  2000)  or  predator-prey  relations,  is  influenced  by  the  scale  of  the  observations. 
This  is  shown  by  Carpenter  and  Kitchell  (1987)  in  a  study  of  the  correlation  structure  among 
ecosystem  model  components  at  differing  temporal  scales.  When  they  only  used  observations 
taken  every  third  day,  they  found  that  predator-prey  effects  resulted  in  algal  production  being 
negatively  correlated  with  zooplankton  biomass.  If,  however,  they  used  observations  taken  every 
sixth  day,  the  relation  was  reversed.  At  this  scale,  the  levels  of  prey  and  predator  are  both  domi¬ 
nated  by  the  seasonal  dynamics  of  nutrients,  and  algal  production  is  positively  correlated  with 
zooplankton  biomass.  The  over-arching  constraint  of  general  trophic  condition,  not  immediately 
obvious  at  the  daily  scale,  is  the  dominant  factor  at  the  weekly  scale.  The  relation  explored  by 
Carpenter  and  Kitchell  can  be  compared  with  the  transfer  of  cargo  back  and  forth  from  one  boat 
to  another.  The  immediate  effect  of  the  transfer  is  to  cause  one  boat  to  sit  lower  in  the  water 
while  the  other  rises  (a  negative  relation).  However,  on  a  larger  scale,  the  two  boats  rise  and  fall 
together  on  the  tide  (a  positive  relation).  A  model  of  an  individual  boat  that  focuses  on  the  posi¬ 
tion  of  the  deck  relative  to  the  water  surface  is  unlikely  to  include  the  tidal  rise  and  fall,  as  this 
larger-scale  process  does  not  seem  relevant. 
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Scales  of  Relevant  Ecosystem  Processes 
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Figure  1 .  Scale  can  be  a  surrogate  for  hierarchical  levels  since  a  particular  hierarchical  level  can  be 
associated  with  a  temporal  and  spatial  scale.  A  comprehensive  description  of  an  ecosystem 
must  include  processes  that  span  wide  ranges  in  scale  (Figure  1  in  Nestler  et  al.  (2000)) 

Natural  disturbance  is  another  example.  If  disturbances  are  large  and  rapid  compared  to  the  sys¬ 
tem  of  interest,  then  the  ecosystem  appears  unstable.  However,  the  exact  same  disturbances  may 
have  no  such  effect  on  the  system  when  a  larger  scale  is  considered.  For  example,  trees  in  an 
individual  forest  plot  may  come  and  go,  so  the  status  of  individual  trees  is  unstable,  but  if  a  lar¬ 
ger  scale  is  considered  (i.e.,  the  whole  forest)  then  the  total  forest  cover  in  the  region  may  stay 
relatively  constant  (Vande  Castle  1998)  despite  (or  even  because  of)  the  instability  in  small  local 
plots.  Consequently,  the  fundamental  nature  of  interconnections  among  model  components  (and 
the  applicable  scale  of  the  model  itself)  is  forced  to  reflect  the  scale(s)  of  observations  that  were 
used  to  develop  the  model. 

O’Neill  and  King  (1998)  give  another  example  from  studies  of  net  primary  production.  At  conti¬ 
nental  scales,  the  spatial  distribution  of  primary  production  is  dominated  by  climate,  whereas 
temperature  and  moisture  determine  short-tenn  production  dynamics.  However,  within  a  region 
where  temperature  and  evapotranspiration  are  relatively  homogeneous,  production  is  dominated 
by  slope  aspect  and  soils  (Thorhallsdottir  1991).  O’Neill  and  King  (1998)  use  this  relation  to 
argue  that  scale  considerations  can  reconcile  two  ecosystem  approaches  discussed  later: 
(1)  Clements’  (1916)  continental  view  of  plant  communities  constrained  by  climate  and  (2)  Glea¬ 
son’s  (1926)  study  of  individual  plant  communities,  where  competition  is  the  dominant  driver. 
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From  the  preceding  discussion  it  should  be  clear  that  scale  and  hierarchy  have  important  ramifi¬ 
cations  for  the  building  and  coupling  of  ecosystem  models.  Scaling  errors  will  occur  if  informa¬ 
tion  derived  from  a  lower  level  of  the  hierarchy  is  used  directly  (coupled)  to  make  predictions  at 
a  higher  level  of  hierarchy  unless  the  interactions  between  components  at  the  intervening  levels 
are  also  incorporated.  For  example,  a  model  of  leaf  photosynthesis  scaled  directly  to  the  whole 
ecosystem  without  including  canopy  structure,  rooting,  nutrient  availability,  and  other  higher 
level  constraints  will  probably  not  function  correctly.  Scaling  up  from  the  leaf  model  to  the  forest 
will  require  substantial,  additional  modeling  and  research  or  data  collection. 

Allen  (1982)  points  out  that  ecological  models  that  explicitly  express  many  processes  and  struc¬ 
tures  at  differing  hierarchical  levels  (and  are  therefore  composed  of  numerous  coupled  processes 
and  interactions),  tend  to  be  complex  and  highly  sensitive  to  slight  changes  in  parameters.  Sug¬ 
gesting  a  way  out  of  this  problem,  Allen  and  Starr  (1982)  and  O’Neill  et  al.  (1986)  find  that  it  is 
seldom  necessary  to  look  more  than  one  level  down  to  find  a  mechanistic  explanation  of  a  sys¬ 
tem’s  behavior  (e.g.  biochemistry  level  for  leaf  and  leaf  fluxes  for  canopy  level)  and  it  is  possible 
to  use  this  concept  to  construct  mechanistically  rich  ecosystem  models  in  a  hierarchical  manner 
that  remain  stable  and  easy  to  manage.  With  this  approach,  they  argue,  the  mechanistic  modeling 
of  each  hierarchical  layer  is  emphasized  using  the  mechanisms  that  occur  at  the  level  directly 
below,  coupled  by  constraints  from  the  level  above  (O’Neill  and  King  1988).  A  given  layer  N  in 
the  model  is  parameterized  by  data  (results)  of  the  model  at  layer  N-l  and  constrained  by  the 
status  of  layer  N+ 1 . 

The  authors  believe  this  suggestion  points  to  a  central  impediment  to  coupling  many  mechanistic 
physical-chemical  models  to  their  ecological  counterparts.  Specifically,  the  ecological  models 
contain  several  layers  of  hierarchy  (explicit  or  implicit)  that  are  not  matched  to  those  of  the 
chemical-physical  model,  and  further,  the  two  models  may  be  separated  from  one  another  by 
more  than  a  single  layer  of  hierarchical  organization.  Hence,  to  make  a  linkage  between  two 
models,  it  may  be  necessary  to  unravel  the  multiple  layers  of  hierarchy  in  each  of  the  models  and 
create  a  whole  new  model  (with  all  the  necessary  interconnections)  for  the  intervening  level(s) 
that  separate  the  two  model  types.  In  many  cases,  this  can  be  a  daunting  task  and  the  required 
ecological  knowledge  may  not  exist,  even  if  other  resources  are  available.  Further,  the  lower 
hierarchical  levels  represented  by  the  detailed  physical-chemical  model  may  be  mostly  irrelevant 
(or  unnecessary)  to  building  a  sound  ecological  model  that  functions  at  several  hierarchical  lev¬ 
els  above.  In  any  event,  the  process  of  model  coupling  does  not  seem  to  be  one  that  will  lend 
itself  readily  to  automation,  except  when  the  candidate  models  are  extremely  well-conditioned 
for  joining. 

EXAMPLES  OF  MODEL  LINKAGES: 

Chesapeake  Bay.  A  recent  workshop  (U.S.  Environmental  Protection  Agency  (USEPA) 
2005)  explored  the  coupling  of  a  detailed,  spatially  explicit  model  of  water  quality  (Chesapeake 
Bay  Program  Water  Quality  Model,  CBPWQM)  to  a  non-spatial  trophic  response  network  model 
(EwE,Ecopath  with  Ecosim)  that  predicts  the  abundance  of  fish  species.  The  issues  and  obstacles 
that  surfaced  in  the  workshop  provide  excellent  illustrations  of  the  principles  enumerated  above. 
Those  wishing  to  link  ecological  models  of  aquatic  systems  with  models  of  the  physical- 
chemical  drivers  are  most  strongly  urged  to  examine  the  associated  report  (USEPA  2005).  The 
participants  noted  that 
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One  impediment  to  developing  in  tegrated  analyses  of  water  quality  and  fisheries 
management  arises  from  the  differences  in  how  scientists  working  in  these  two 
disciplines  view  key  processes  and  interactions.  Water  quality  researchers  and 
modelers  maintain  a  view  that  ecosystem  dynamics  are  dominated  by  physiologi¬ 
cal  and  biogeochemical  processes  and  their  associated  kinetic  and  mass-balance 
relationships.  Fisheries  scientists,  however,  tend  to  view  fish  population  dynamics 
as  being  dominated  by  organism  life  cycles  and  behaviors  that  are  constrained  by 
fishing  mortality. 

In  this  example,  the  fisheries  model  is  clearly  operating  at  several  hierarchical  layers  of  organiza¬ 
tion  above  that  of  the  physical-chemical  driver  model.  The  “higher  level”  constraints  experi¬ 
enced  by  the  water  quality  model  (e.g.  zooplankton  grazers)  are  several  steps  down  the  food 
chain  from  the  “drivers”  in  the  fish  model.  The  workshop  participants  recognized  the  difficulty 
this  created  (although  without  reference  to  hierarchy  theory)  and  proposed  a  commonly  used 
approach  to  spanning  hierarchical  levels,  namely  the  use  of  empirical  regression  equations  to 
create  “calibration”  factors.  Of  course,  the  equations  that  result  would  not  be  the  same  as  those 
obtained  with  “real”  data,  but  the  concept  would  be  the  same.  The  workshop  participants  also 
recognized  that  they  were  dealing  with  issues  of  time  and  space  scales,  mainly  because  the  reso¬ 
lution  (grain)  of  the  water  quality  model  was  so  much  finer  than  that  of  the  fish  model.  The 
attempt  to  couple  these  two  modeling  systems  continues  and  is  having  some  success,  but  is  not  a 
trivial  undertaking  and  major  conceptual  hurdles  must  still  be  surmounted. 

Peoria  Lake  (Illinois  River).  In  this  example  from  Best  et  al.  (2004),  aquatic  vegetation 
growth  models  (Best  and  Boyd  2001,  2003)  were  coupled  to  a  hydrodynamic  (RMA2)  and  sedi¬ 
ment  resuspension  (SED2D)  model  that  helped  define  the  light-climate  (drivers)  that  the  vegeta¬ 
tion  experienced  during  growth.  Light  limitation  on  growth  largely  detennined  whether  the 
vegetation  would  persist,  or  gradually  disappear.  In  this  situation,  the  hydrodynamic  and  resus¬ 
pension  models  were  all  at  (or  one  step  below)  the  temporal  scale  of  the  vegetation  model  (i.e., 
daily  time-step)  and  it  was  relatively  straightforward  to  feed  the  daily  median  values  of  water 
depth,  current  velocity,  and  light  extinction  coefficient  generated  by  the  hydrodynamic  and  sedi¬ 
ment  models  into  the  vegetation  growth  model  as  input.  However,  this  example  illustrates 
another  serious  hurdle  to  making  such  linkages.  It  is  well-known  that  the  growth  of  vegetation 
can  strongly  dampen  the  resuspension  of  sediment.  Thus  vegetation  beds  play  a  significant  role 
in  creating  their  own  light  climate.  In  the  coupling  of  these  two  models  in  this  example,  there  is 
no  mechanism  for  the  vegetation  to  influence  (provide  feedback  to)  the  hydrodynamic  and  resus¬ 
pension  models  as  its  abundance  changes.  Hence,  this  is  a  unidirectional,  loose  coupling  of  these 
two  models.  This  is  the  simplest  type  of  interconnection  between  two  models  and  it  was  success¬ 
ful  for  the  restricted  purposes  of  this  application.  In  a  longer-term  simulation,  or  one  that  had  a 
differing  purpose  (e.g.,  modeling  the  long-tenn  light  climate  in  the  system),  feedback  from  the 
vegetation  to  the  physical-chemical  environment  would  have  been  critical  and  substantially  more 
difficult  to  incorporate. 

Richard  B.  Russell  Lake  (Savannah  River).  In  this  example  from  a  USAGE  reservoir, 
Nestler  et  al.  (2000,  2005)  explored  the  coupling  of  a  Eulerian  model  of  the  physical-chemical 
environment  (CE-QUAL-W2)  with  a  Lagrangian  model  of  biota  (individual  fish)  moving 
through  the  physical-chemical  environment  created  by  the  engineering  model.  An  important 
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difference  between  this  example  and  the  more  problematic  Chesapeake  Bay  case,  described  ear¬ 
lier,  was  that  this  example  does  not  involve  multiple  trophic  levels  of  biota. 

The  Richard  B.  Russell  situation  seems  especially  well-conditioned  to  linkage  between  the  two 
candidate  models  because  the  drivers  (temperature  and  oxygen)  provided  by  the  engineering 
model  are  the  direct  cause  of  the  modeled  fish  response  (horizontal  and  vertical  movement)  and 
there  is  no  feedback  from  the  fish  to  the  physical-chemical  environment.  In  the  Richard  B.  Rus¬ 
sell  (RBR)  scenario,  the  primary  structural  feature  of  the  environment  is  the  reservoir’s  thermo- 
cline,  a  relatively  large,  unifonn,  and  slowly  changing  feature  (relative  to  the  size  and  movement 
of  the  fish)  that,  from  the  standpoint  of  the  fish  model,  can  be  adequately  and  realistically  repre¬ 
sented  by  a  two-dimensional  model. 

The  importance  of  scale  becomes  immediately  obvious  in  this  coupling.  If  the  model  pair  is 
intended  to  show  the  general  vertical  and  horizontal  distribution  of  fish  in  the  reservoir  on  a  hori¬ 
zontal  scale  of  kilometers,  a  vertical  scale  of  meters,  and  temporal  scale  of  hours  or  days,  then 
the  environment  presented  by  CE-QUAL-W2  is  well-suited  to  the  need.  If,  however,  one  was 
attempting  to  model  the  movements  of  an  individual  fish  in  its  immediate  environment  on  a  scale 
of  centimeters  and  seconds  (such  as  in  pursuit  of  individual  prey  or  a  habitat  microzone),  then 
the  broad,  average  environment  provided  by  CE-QUAL-W2  might  be  less  than  useful.  In  such  a 
case,  a  very  high-resolution,  3-D  engineering  model  might  still  provide  an  adequate  representa¬ 
tion  of  the  physical  environment  to  which  the  model  fish  would  accurately  respond.  The  nature 
of  the  candidate  models  and  the  form  and  function  of  the  coupling  must  be  customized  to  the 
questions  (and  scales)  being  addressed. 

INTRODUCTION  TO  THE  ECOSYSTEM  CONCEPT:  The  ecosystem  concept,  by  incorpo¬ 
rating  physical,  chemical,  and  biological  aspects  of  a  functioning  system  into  an  integral  unit,  is  a 
useful  way  to  address  complex  systems  and  to  approach  resource  management  problems.  Models 
of  ecosystems  draw  extensively  on  the  ideas  of  feedback  and  control  from  systems  engineering, 
and  are,  to  a  large  extent,  the  translation  of  the  ecosystem  concept  into  an  interconnected  collec¬ 
tion  of  numeric  algorithms  or  equations.  Therefore,  it  is  important  for  those  who  wish  to  under¬ 
stand  ecosystem  models,  and  the  possible  linkages  among  models,  to  have  at  least  a  brief  expo¬ 
sure  to  the  history,  development,  and  literature  of  the  ecosystem  concept.  A  recent  commentary 
by  Pickett  and  Cadenasso  (2002)  provides  one  such  introduction. 

The  many  variants  of  the  ecosystem  concept  that  have  emerged  over  the  past  century  have  some 
common  features,  and  it  is  among  those  common  features  (summarized  below)  that  a  practical 
definition  exists: 

1.  The  ecosystem  has  both  biotic  and  abiotic  components. 

2.  These  components  interact  in  a  manner  that  produces  structure  in  the  resulting  system. 

3.  The  interactions  (processes)  involve  material  flow  or  cycling  as  a  result  of  energy 
transfer. 

4.  The  spatial  and  temporal  boundaries,  while  somewhat  arbitrary,  are  defined  in  terms  of 
interaction  strengths  within  and  without  the  system. 

The  ecosystem  is  the  basic  unit  in  ecology.  The  ecosystem  is  “...the  basic  unit  of  nature  on  the 
face  of  the  earth”  (Tansley  1935).  These  statements  are  taken  for  granted  by  many  ecologists,  but 
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other  authors  sometimes  contradict  these  statements  by  identifying  communities,  individual 
organisms,  or  cells  as  the  basic  units  of  ecology.  This  conflict  has  never  been  fully  resolved. 

Whittaker  (1975)  defined  the  ecosystem  as  “a  community  and  its  environment  treated  together  as 
a  functional  system  of  complementary  relationships,  and  transfer  and  circulation  of  energy  and 
matter....”  Some  scientists  employ  only  the  first  portion  of  this  definition,  “a  community  and  its 
environment.” 

Worster  (1977)  in  his  excellent  book  on  the  origins  of  the  field  of  ecology,  described  the  eco¬ 
system  “as  a  model  of  interrelatedness  in  nature”  and  presenting  “both  the  biological  and  non- 
biological  aspects  of  the  environment  as  one  entity,  with  strong  emphasis  on  measuring  the 
cycling  of  nutrients  and  the  flow  of  energy  in  the  system  -  whether  it  be  a  pond,  a  forest,  or  the 
earth  as  a  whole.” 

By  1983,  E.P.  Odum  (1983)  had  arrived  at  a  definition  of  the  ecosystem  as  “any  unit  (a  biosys¬ 
tem)  that  includes  all  the  organisms  that  function  together  (the  biotic  community)  in  a  given  area 
interacting  with  the  physical  environment  so  that  a  flow  of  energy  leads  to  clearly  defined  biotic 
structures  and  cycling  of  materials  between  living  and  nonliving  parts. . . 

However,  in  the  original  definition  (Tansley  1935),  the  ecosystem  was  conceived  as  more  of  an 
arbitrary  system  to  provide  an  alternative  to  the  more  tangible  plant  community  prevalent  in  the 
field  of  ecology  at  that  time.  Specifically,  Tansley  wrote: 

...The  more  fundamental  conception  is,  as  it  seems  to  me,  the  whole  system  (in  the 
sense  of  physics),  including  not  only  the  organism-complex,  but  also  the  whole 
complex  of  physical  factors  forming  what  we  call  the  environment  of  the  biome  - 
the  habitat  factors  in  the  widest  sense.  Though  the  organisms  may  claim  our  pri¬ 
mary  interest,  when  we  are  hying  to  think  fundamentally  we  cannot  separate  them 
from  their  special  environment,  with  which  they  form  one  physical  system.  It  is  the 
systems  so  formed  which,  from  the  point  of  view  of  the  ecologist,  are  the  basic 
units  of  nature  on  the  face  of  the  earth. 

Tansley  continued  with, 

These  ecosystems,  as  we  may  call  them,  are  of  the  most  various  kinds  and  sizes. 

They  form  one  category  of  the  multitudinous  physical  systems  of  the  universe, 
which  range  from  the  universe  as  a  whole  down  to  the  atom. 

The  reader  should  note  here  that  there  has  been  some  discussion  among  historians  that  Tansley’s 
colleague,  Arthur  Roy  Clapham,  actually  suggested  this  term  to  Tansley  in  1930  but  did  not  pub¬ 
lish  the  idea. 

Today  ecosystems  are  studied  neither  at  the  level  of  the  universe  nor  the  atom.  Tansley’s  defini¬ 
tion  nevertheless  offered  great  latitude  for  ecosystem  boundaries,  both  in  time  and  space. 
Clearly,  later  usage  of  the  term  ecosystem  was  a  refinement  of  the  original.  Shugart  (1990), 
moreover,  noted  that  the  flexibility  of  the  meaning  of  the  term  has  also  been  employed  by  sys¬ 
tems  scientists  in  their  references  to  “systems  of  definition”  or  “systems  of  interest,”  but  Shugart 
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offered  no  further  clarification.  The  strength  of  the  concept  may  lie  as  much  in  its  flexibility  as  in 
its  structure. 

Online  resources  on  this  topic  can  be  found  at  these  sites  and  many  others: 

•  http://www.biologie.uni-hamburg.de/b-onIine/e54/54a.htm 

•  http://www.al.umces.edu/currie/defofeco.htm 

Early  history  of  ideas  contributing  to  the  ecosystem  concept.  The  early  history  of  the 
ecosystem  concept  has  been  discussed  in  many  books  and  articles.  In  addition  to  Worster  (1977), 
McIntosh  (1985)  presented  a  comprehensive  background  to  the  general  field  of  ecology,  but  did 
not  introduce  the  ecosystem  concept  until  nearly  halfway  through  his  book.  Both  of  these  books 
are  excellent,  in  part  because  the  individuals  who  wrote  them  have  formed  coherent  stories  in 
which  to  present  the  history.  A  smaller  book  by  O’Neill  et  al.  (1986)  addresses  the  narrower  con¬ 
cept  of  hierarchy  in  ecosystems  and  also  gives  a  concise  and  useful  history  of  the  development  of 
the  ecosystem  concept.  Golley  (1993)  wrote  an  interesting  account  of  the  history  of  the  ecosys¬ 
tem  concept  from  his  personal  view  and  experience. 

Lastly,  while  there  are  many  general  ecology  texts  that  summarize  the  history  of  the  concept, 
there  are  also  several  volumes  of  edited  collections  including  the  classic  collection  by  Kormondy 
(1965)  which  present,  as  reprints,  some  of  the  papers  that  are  listed  individually  in  subsequent 
sections  of  this  technical  note  and  by  Real  and  Brown  (1991). 

Development  of  the  ecosystem  concept.  Not  surprisingly,  the  ecosystem  concept,  like  so 
many  other  ideas,  existed  long  before  a  tenn  was  coined  to  describe  it. 

Nowhere  can  one  see  more  clearly  illustrated  what  may  be  called  the  sensibility 
of  such  an  organic  complex,  expressed  by  the  fact  that  whatever  affects  any  spe¬ 
cies  belonging  to  it,  must  have  its  influence  of  some  sort  upon  the  whole  assem¬ 
blage.  He  will  thus  be  made  to  see  the  impossibility  of  studying  completely  any 
form  out  of  relation  to  the  other  forms;  the  necessity  for  taking  a  comprehensive 
survey  of  the  whole  as  a  condition  to  a  satisfactory  understanding  of  any  part. 

Forbes (1887) 

Forbes’  landmark  paper,  “The  Lake  as  a  Microcosm,”  thus  opened  with  a  statement  essentially  of 
the  ecosystem  concept  nearly  50  years  before  the  term  was  coined  by  Tansley  (1935),  but 
10  years  after  a  paper  by  Mobius  (1877)  in  which  a  similar  idea  was  tenned  a  ‘biocoenosis.’  The 
idea  that  later  became  the  ‘ecosystem  concept’  was,  by  that  time,  obvious  to  anyone  who  under¬ 
stood  Darwin’s  theory  of  evolution.  Anker  (2002)  provides  some  additional  perspective  on  the 
thoughts  and  motives  in  Tansley’s  mind  when  he  coined  the  term,  “ecosystem.” 

And  while  Darwin’s  (1859)  theory  assisted  in  the  genesis  of  the  ecosystem  concept,  it  also  con¬ 
tained  the  foundation  for  the  most  serious  intellectual  challenge  to  the  concept.  This  was  recog¬ 
nized  early  in  the  20th  century  but  articulated  best  by  Harper  (1977),  90  years  after  the  Forbes 
paper.  Harper’s  challenge  was  dependent  on  the  fundamental  assumption,  articulated  best  by 
Dobzhansky  (1973)  that  “nothing  in  biology  has  meaning  except  in  light  of  evolution.”  This  link¬ 
age  between  the  field  of  biology  and  evolution  remains  solid  today.  But  as  Harper  noted: 
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It  is  an  intriguing  problem  to  examine  the  ecological  triangle  from  the  point  of 
view  of  the  evolutionist  because  ultimately  all  the  discoveries  of  descriptive,  pro¬ 
duction  or  population  ecology  must  find  their  meaning  in  evolutionary  phenom¬ 
ena.  Since  the  time  of  Fisher  (1930)  it  has  become  clear  that  evolution  happens 
because  (a)  some  individuals  leave  more  descendants  than  others,  and  (b)  some  of 
the  differences  between  individuals  are  heritable  and  affect  the  chance  of  leaving 
descendants.  Evolutionary  thinking  concentrates  attention  on  the  behavior  of  the 
individual  and  his  descendants.  If  nothing  in  biology  has  meaning  except  in  light 
of  evolution  and  if  evolution  is  about  individuals  and  their  descendants  -  i.e.  fit¬ 
ness  -  we  should  not  expect  to  reach  any  depth  of  understanding  from  studies  that 
are  based  at  the  level  of  the  super-individual,  whether  it  be  the  flora  and  fauna  of 
the  descriptive  ecologist  or  the  efficiency  of  production  and  resource  cycling 
studies  by  the  production  ecologist  or  the  gross  population  phenomena  of  the  pop¬ 
ulation  biologist.  What  we  see  as  the  organised  behavior  of  systems  is  the  result 
of  the  fate  of  individuals,  (emphasis  added) 

This  was  a  potentially  devastating  criticism  of  the  ecosystem  approach  -  to  limit  its  meaning  to  a 
superficial  collection  of  individual  activities.  The  conflict  had  its  roots  in  plant  ecology  early  in 
the  20th  century.  And  plant  ecology  has  its  roots  much  earlier. 

One  of  the  earliest  papers  that  has  been  cited  in  plant  ecology  literature  provides  a  description  of 
plant  succession  (King  1685).  The  paper  describes  the  development  of  peat  bogs  and  wetlands  in 
Ireland.  In  as  much  as  this  process  is  successional,  it  can  be  interpreted  as  a  paper  on  ecological 
succession.  But  plant  ecology  remained  largely  descriptive  until  the  19th  century  and  the  publi¬ 
cation  of  Darwin’s  theory.  Eugenius  Warming,  a  Danish  botanist,  published  a  book  in  1895 
titled,  “Plantesamfund”  in  which  he  described  ecology  as  “the  manifold  and  complex  relations 
subsisting  between  the  plants  and  animals  that  form  one  community.”  His  book  was  subse¬ 
quently  translated  and  published  in  English  (1909).  And  Cowles  (1899,  1901,  1911)  is  often 
cited  as  providing  the  foundation  for  what  would  become  a  robust  inquiry  into  plant  community 
development  and  succession. 

Several  persons  assumed  prominence  during  the  early  20th  century  and  they  and  their  students 
were  a  strong  influence  on  the  field  of  ecology.  Frederic  E.  Clements  promoted  the  idea  that  cer¬ 
tain  communities  of  plants  could  be  considered  ‘superorganisms’  and  this  idea  became  almost 
dogma  in  ecology.  One  of  the  later  works  on  this  subject,  “Plant  Succession  and  Indicators” 
(Clements  1928)  summarized  much  of  the  earlier  research  by  Clements  and  numerous  other 
investigators,  research  that  led  to  and  supported  the  concept  of  ‘succession  to  climax’  and  the 
‘superorganism  concept.’  Clements,  his  students,  and  his  followers  formed  one  view  of  plant 
ecology  in  the  early  20th  century  that  became  known  as  ‘Clementsian’  ecology. 

In  brief,  the  ‘superorganism  concept’  supported  the  idea  that  certain  tightly  associated  plant  com¬ 
munities  were  uniquely  identifiable  and  that  they  develop  in  a  series  of  changes  similar  to  evolu¬ 
tionary  or  organismal  development.  That  is,  they  progress  predictably  through  succession  to  a 
well-defined  climax  (adult?)  community  that  is  stable  and  recognizable.  The  feature  of  this  idea 
that  is  relevant  to  the  ecosystem  concept  is  that  the  unit  of  interest  includes  a  tightly  interactive 
assemblage  of  populations,  capable  of  displaying  characteristics  as  a  community  that  transcend 
the  mere  sum  of  the  individual  populations.  This  property  is  sometimes  termed  an  ‘emergent 
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property’  or  a  property  of  a  complex  system  that  is  not  predictable  from  the  behaviors  of  the 
individual  components.  The  subtitle  of  Golley’s  (1993)  book,  ‘More  than  the  sum  of  the  parts,’ 
implies  the  continued  presence  of  the  superorganism  concept  in  the  ecosystem  concept  today. 

The  other  major  view  of  plant  ecology  at  the  time  was  one  fonnulated  by  Henry  Allan  Gleason 
and  became  known  as  ‘Gleasonian’  ecology.  Gleason’s  view  was  opposed  to  the  ‘Clementsian’ 
view;  Gleason  referred  to  it  as  the  ‘individualistic  concept  of  ecology’  (Gleason  1917,  1926, 
1939). 

In  Gleason’s  view,  communities  were  potentially  unique  and  their  content  was  detennined  by  the 
nearly  random  chance  that  different  species  of  plants  would  be  propagated  to  a  particular  habitat. 
This  view  approximated  a  ‘null  hypothesis’  in  which  communities  exist  in  a  continuum  of  many 
potential  and  changing  states  that  are  dependent  on  individualistic  activities  of  individual 
species. 

The  conflict  between  Gleason  and  Clements  was  very  strong  and  the  ‘Clementsian’  view  pre¬ 
vailed  for  much  of  the  early  20th  century.  However,  as  experimentation  and  careful  observation 
critically  tested  both  views,  the  ‘Gleasonian’  view  came  to  prominence  and  the  ‘superorganism’ 
has  become  less  prominent,  although  the  superorganism  concept  is  often  implied  in  ecosystem- 
level  research  and  understanding. 

Modern  development  of  the  ecosystem  concept.  Although  plant  ecologists  formed 
much  of  the  foundation  for  the  ecosystem  concept,  a  separate  but  not  independent  line  of  thought 
developed  in  animal  ecology.  The  early  development  also  dates  to  Darwin  or  before,  but  the  sys- 
tematics  of  Linnaeus,  combined  with  the  biological  observations  of  Haeckel  (who  coined  the 
tenn,  ‘ecology’  in  1866)  and  others  led  zoologists  in  a  progression  of  ideas.  Mathematical  or 
physical  biology  was  forming  a  new  line  of  thought,  one  that  was  expressed  in  the  language  of 
physical  science.  The  early  work  by  Lotka  (1925)  outlined  mathematical  representations  of  pop¬ 
ulation  growth  and  interaction  parameters.  The  beauty  of  these  numerical  relationships  was  that 
relatively  simple  models  (exponential  growth,  for  example)  could  be  manipulated  mathemati¬ 
cally,  and  the  biological  populations  and  their  characteristics  could  be  represented  through  the 
logical  symbols  of  mathematics.  For  example  the  symbols,  beginning  with  ‘n’  (the  number  of 
individuals  in  the  population),  ‘r’  (the  intrinsic  rate  of  growth),  and  ‘k’  (the  asymptote  or  carry¬ 
ing  capacity  of  logistic  growth),  were  both  typographical  conveniences  (Whitehead  and  Russell 
1910)  as  well  as  population  parameters  with  intrinsic  meanings  and  qualities.  Such  numerical 
relationships  were  manipulated  in  greater  detail  until  they  were  capable  of  predicting  complex 
systems  of  interaction  (i.e.,  the  community  matrix). 

Trophic  dynamics,  genetics,  mathematical  ecology,  and  biogeochemistry  all  fell  easily  within  the 
ecosystem  topic  area.  The  ecosystem  was  gradually  being  described  in  greater  detail  than  merely 
species  lists,  community  composition,  or  habitat  characteristics.  The  application  of  mathematical 
models  to  ecological  processes  enabled  complex  sets  of  interactions  to  be  represented  in  a  man¬ 
ner  similar  to  an  electrical  network.  Accordingly,  tools  developed  by  electrical  engineers,  involv¬ 
ing  differential  equations,  were  adopted  to  examine  ecosystem  dynamics. 
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At  the  same  time,  world  events  affected  scientific  research.  The  atomic  bomb  was  developed, 
and  so  was  the  availability  of  radioactive  tracers  that  enabled  the  ecosystem  scientist,  at  last,  to 
actually  observe  elemental  transfers  through  the  food  web  (network). 

The  advanced  mathematical  tools,  radiotracers,  and  the  development  of  increased  computational 
power  and  computers  combined  to  allow  ecosystems  to  be  quantified  in  a  manner  that  was  not 
possible  only  a  few  years  earlier.  But  ideas,  for  the  time  being,  led  the  technology.  And  ecosys¬ 
tem  ecology  expanded  from  descriptive  studies  to  experimentation  and  prediction. 

The  two  Odum  brothers,  as  many  other  ecologists  and  scientists,  were  instrumental  in  this  expan¬ 
sion.  This  period  of  new  ideas  and  capability  marks  the  beginning  of  modem  ecosystem  con¬ 
cepts.  Among  the  others  were  Hutchinson  (1948,  1953,  1959,  1964,  1965,  1975),  Woodwell  and 
Smith  (1969),  and  O’Neill  (1971,  1976). 

Eugene  Odum  (1953,  1959,  1960,  1969,  1971,  1977)  made  ecology  and  the  ecosystem  a  popular 
idea  in  the  minds  of  the  public.  He  and  his  brother,  Howard  Odum  (1957,  1962,  1971,  and  1983) 
brought  ecological  systems  into  social,  economic,  and  political  relevance. 

With  the  development  of  computational  methods  and  public  awareness  of  real  environmental 
problems,  ecosystem  concepts  began  to  affect  legislation  and  regulation.  This  was  particularly 
true  for  aquatic  systems  where  certain  nutrients  were  implicated  as  pollutants. 

Ecosystem  Stability.  With  the  emergence  of  ecosystem  science  and  the  modern  concept  of 
the  ecosystem,  the  subject  of  ecosystem  stability  quickly  received  renewed  attention.  The  con¬ 
cept  of  stability  was  an  outgrowth  of  the  mathematical  work  of  A.M.  Liapunov  and  a  new  eco¬ 
logical  terminology  was  created  by  Holling  (1970,  1973),  Patten  (1971-1976,  1978),  Webster 
et  al.  (1975),  Van  Voris  (1976),  and  Van  Voris  et  al.  (1980).  There  were  others  as  well.  Stability 
was  considered  an  emergent  property  because  mere  description  of  individual  populations  could 
not  predict  the  quality.  Only  when  quantitative  methods  were  applied  to  the  system  could  stabil¬ 
ity  be  predicted  mathematically. 

An  excellent  reference  that  provides  a  critical  view  of  this  idea  and  many  others  in  ecology  is 
Peters  (1991),  which  contains  the  following: 

Despite  long-standing  interest  in  stability  (Brookhaven  Symposium  1969,  May 

1974)  the  term  has  never  been  satisfactorily  defined.  Part  of  the  difficulty  in  doing 
so  reflects  the  dynamism  of  open  biological  systems  ....[they]  constantly  react  to 
both  external  and  internal  changes...  [and]  cannot  be  preserved  like  works  of  art. 

Instead  stability  must  be  defined  in  dynamic  terms.  Such  contradictions  foster 
misunderstanding. ..The  definitions  of  Orians  (1975)  are  indicative.  Orians  (1975) 
suggests  that  stability  may  mean  many  different  things:  the  absence  of  change 
(‘constancy),  the  length  of  survival  ( ‘persistence ),  resistance  to  perturbation 
(‘inertia),  speed  of  return  after  perturbation  (‘elasticity),  the  displacement  from 
which  return  is  possible  (‘amplitude  ),  the  degree  of  oscillation  (‘cyclic  stability  ’), 
and  the  tendency  to  move  towards  a  similar  end  point  (‘trajectory  stability). 

These  independent  concepts  are  sometimes  related,  and  sometimes  not  (Orians 

1975) ;  some,  like  constancy  and  resilience,  may  even  be  inversely  related. 
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The  confusion  pointed  to  by  Peters  (1991)  remains  today.  For  further  definition  of  the  various 
tenns  related  to  ecological  stability,  see  Pimm  (1991). 

Applications  and  studies  of  the  ecosystem  concept.  Because  the  ecosystem  concept 
has  now  been  broadly  applied  in  scientific  research  and  to  the  management  of  resource  problems, 
it  has  an  extensive  literature.  Only  a  brief  introduction  to  this  literature  is  provided  here  by  way 
of  some  widely  recognized  (classic)  applications  of  the  concept.  For  example,  students  of  eco¬ 
system  sciences  should  be  aware  of  the  Coweeta  Basin  and  Coweeta  Hydrologic  Laboratory  in 
North  Carolina.  This  small,  forested  basin  in  the  Appalachian  Mountains  was  established  as  a 
research  area  in  1934  and  is  the  longest,  continuous  environmental  study  in  North  America 
(Swank  et  al.  2001).  Studies  by  Johnson,  Swank,  and  a  host  of  associates  began  at  Coweeta  in 
the  1960’s  and  demonstrated  the  ecosystem  approach  to  forested  watersheds.  These  studies  (e.g., 
Swank  and  Vose  1994;  Swank  and  Waide  1980)  used  numerical  models  to  predict  the  outcome 
of  nutrient  release  and  retention  in  a  forested  watershed  dependent  on  a  variety  of  management 
practices  (Swank  et  al.  2001).  This  work  had  implications  not  only  for  forest  management,  but 
for  land  management  in  general  and  for  impacts  to  receiving  waters  in  particular.  In  a  related 
development,  the  Hubbard  Brook  Experimental  Forest  in  the  White  Mountains  of  central  New 
Hampshire  was  established  by  the  U.S.  Forest  Service  in  1955  as  a  research  site  for  forested 
watersheds  in  New  England.  Work  begun  in  the  1970s  and  continued  by  Bormann  and  Likens 
and  their  numerous  students  and  associates  on  Hubbard  Brook  itself,  the  surrounding  forested 
basin,  and  the  receiving  waters  of  Mirror  Lake,  established  the  ecosystem  approach  as  a  major 
contributor  to  quantitative  and  theoretical  ecology. 

Complex  vs.  Simple  Ecosystem  Models.  As  the  field  of  systems  ecology  began  to  emerge 
in  the  1940s  and  to  be  applied  to  real  ecological  problems,  a  philosophical  split  began  to  develop 
between  modelers  that  used  the  mathematical  and  computer  methods  of  systems  analysis  (e.g. 
Kenneth  Watt,  Bernard  Patten,  Eugene  Odum)  and  those  that  relied  more  on  traditional  mathe¬ 
matics  (e.g.,  calculus  and  differential  equations)  to  make  analytical  evaluations  of  system 
behavior  (e.g.  Richard  Levins,  E.O.  Wilson,  Richard  Lewontin,  and  Robert  McArthur).  Those 
who  used  the  traditional  mathematical  approaches  were  forced  to  greatly  simplify  the  systems 
they  considered  so  that  they  could  be  examined  with  “paper  and  pencil”  (although  computers 
were  certainly  used).  This  approach  forced  the  investigator  to  discover  (or  assume)  the  over¬ 
arching,  fundamental  properties  of  the  system  before  proceeding,  and  if  successful,  would  lead  to 
results  that  could  be  understood  and  interpreted.  Those  that  used  this  approach  felt  that  the  sys¬ 
tems  analyst’s  method  was  mechanical  and  unworkable;  it  often  required  measurements  that 
were  unattainable  and  many  times  produced  results  that  could  not  be  interpreted  or  compared  to 
real  observations.  For  their  part,  the  systems  analysts  argued  that  complexity  was  the  key  to  eco¬ 
system  behavior,  and  the  analytical  approach  was  fatally  flawed  by  its  omission  of  this  complex¬ 
ity.  They  believed  that  increasingly  powerful  computers  would  allow  systems  ecology  to  tran¬ 
scend  the  limits  of  traditional  analysis.  As  is  usually  the  case,  there  are  strong  arguments  (and 
advantages)  to  both  approaches.  The  engineering  models  used  by  the  USAGE  are  direct  descen- 
dents  of  the  view  espoused  by  the  early  systems  analysts.  Many  biological-ecological  models 
now  fit  that  mold  also,  but  the  simplifying  philosophy  of  the  analytical  approach  is  still  active 
and  has  much  to  offer,  particularly  for  its  heuristic  value.  It  is  also  interesting  to  note  that  some 
of  the  differences  between  the  analytical  and  systems  approaches  can  be  framed,  in  least  in  part, 
as  a  difference  in  scale. 
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The  arguments  and  counter-arguments  for  the  analytical  and  systems  approaches  are  described  in 
several  papers.  Odenbaugh  (2003)  presents  a  good  summary  and  perspectives  on  the  controversy. 
In  the  original  papers,  the  systems  analyst  approach  is  typified  by  Watt  (1962,1966,  1968)  and 
Orzack  and  Sober  (1993),  and  the  counter-view  is  represented  by  Richard  Levins  (1966,  1968, 
and  1993). 

Balance  and  Control  in  Ecosystems.  The  classic  paper  by  Slobodkin  (1965)  is  as  enter¬ 
taining  as  it  is  informative,  and  it  leads  nicely  into  another  exchange  of  views  on  the  nature  of 
ecosystem  interactions  and  regulation.  In  this  discussion,  Hairston  et  al.  (1960)  throw  down  the 
gauntlet  in  the  conflict  between  ‘top  down’  organizational  control  of  the  ecosystem  versus  ‘bot¬ 
tom  up’  control.  In  ‘top  down’  control,  predators  control  the  numbers  of  lower  trophic  levels  and 
ultimately  how  much  sunlight  is  fixed  by  autotrophs  into  biomass.  The  ‘bottom  up’  view  sup¬ 
ports  the  idea  that  producers  control  higher  trophic  levels.  The  proposals  in  Hairston  et  al.  (1960) 
were  subsequently  criticized  by  Murdoch  (1966).  The  entire  series  of  papers,  which  includes 
Ehrlich  and  Birch  (1967)  and  Slobodkin  et  al.  (1967)  is  worth  reading,  but  if  time  is  limited,  the 
first  two  are  the  most  important. 

Slobodkin  et  al.  (1967)  also  mention  the  ‘Balance  of  Nature’  that  is  a  common  theme  in  the  lit¬ 
erature.  However,  this  concept  has  been  so  poorly  defined  and  employed  for  so  many  differing 
purposes  that  now  it  seems  to  have  almost  no  practical  utility.  It  is  evident  in  much  of  the  discus¬ 
sion  on  ecological  stability  that  the  “Balance  of  Nature”  is  an  underlying  notion  of  the  Clement- 
sian  view  of  the  community,  and  some  elements  of  it  have  been  codified  into  law  (i.e.  the  so- 
called  ‘balanced  biological  community’).  None  of  these  have  been  carefully  identified  or 
described  and  they  are  not  available  to  objective  examination.  Therefore,  the  authors  will  not 
provide  any  further  discussion  of  this  topic. 

Complex  Adaptive  Systems  and  “Superorganisms.”  Complex  systems  of  interacting 
biotic  and  abiotic  components  can  appear  to  behave  almost  like  a  living  thing  in  their  response 
and  adaptation  to  changing  conditions.  This  has  prompted  some  to  propose  that  ecosystems  were, 
in  fact,  ‘superorganisms.’  However,  ecosystems  do  not  seem  to  have  an  ability  to  behave  like  an 
organism  with  respect  to  evolutionary  fitness,  and  this  has  led  some  to  see  the  analogy  between 
systems  and  organisms  to  be  substantially  flawed. 

Succession  and  climax  are  important  expressions  of  evolution  and  adaptation  of 
species  and  communities.  But  the  community  level  characteristics  of  successions 
and  climaxes  are  consequences  of  the  evolution  of  species  and  their  interaction 
and  function  in  relation  to  environmental  constraints  and  resources, 

...we  know  of  no  selective  mechanism  acting  at  the  community  level,  ”  only  at  the 
level  of  the  population  (Whittaker  and  Woodwell  1972) 

This  statement  of  the  problem  was  one  of  the  first  attempts  to  arrive  at  a  solution,  but  there  were 
others  (Darnell  1970,  Smith  1975,  Lewontin  1970,  Wilson  1976).  Of  these,  Lewontin  (1970) 
seems,  in  retrospect,  to  have  been  closer  to  progress  than  the  others  although  all  of  them  saw  the 
problem  and  made  good  attempts  at  solutions.  Approximately  two  decades  later  their  ideas  had 
been  noticed  and  a  new  view  of  ecosystems  was  proposed  -  Complex  Adaptive  Systems. 
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The  following  titles  address  the  idea  that  complex  systems  may  be  able  to  adapt  (through 
coevolutionary  and  other  mechanisms)  to  changing  environments: 

•  Carpenter  et  al.  (2001),  “From  metaphor  to  measurement:  resilience  of  what  to  what?” 

•  Hartvigsen  et  al.  (1998),  “Use  and  analysis  of  complex  adaptive  systems  in  ecosystem 
science” 

•  Holling  (2001),  “Understanding  the  complexity  of  economic,  ecological,  and  social 
systems” 

•  Janssen  (1998),  “Use  of  complex  adaptive  systems  for  modeling  global  change” 

•  Levin  (1998),  “Ecosystems  and  the  biosphere  as  complex  adaptive  systems” 

•  Nystroem  and  Folke  (2001),  “Spatial  resilience  of  coral  reefs” 

•  Peterson  et  al.  (1998),  “Ecological  resilience,  biodiversity,  and  scale” 

•  Pickett  and  Cadenasso  (2002)  “The  ecosystem  as  a  multidimensional  concept:  meaning, 
model,  and  metaphor” 

The  complex  adaptive  systems  described  in  these  articles  are  ecosystems  in  every  respect.  But 
conceptually  they  are  capable  of  real  genetic  adaptation  as  systems.  In  this  concept,  ecosystems 
again  resemble  superorganisms  and  real  mechanisms  for  system  adaptation  are  proposed.  This 
approach  could  potentially  impart  dynamic  properties  to  an  ecosystem  that  allow  it  to  be  com¬ 
patible  with  evolutionary  theory.  The  consideration  of  an  ecosystem  as  an  evolving  entity  opens 
a  new  area  for  model  application  and  predictive  capacity.  It  would  be  a  significant  move  beyond 
the  relatively  simple  engineering  approaches  employed  today,  but  this  approach  to  ecosystems 
seems  to  imply  scales  of  time  and  space  (multiple  centuries  or  millenia  and  continents)  that  reach 
beyond  the  considerations  of  most  modern  engineering  projects. 

SUMMARY  AND  COMMENT:  The  linking  of  models  of  physical-chemical  drivers  (engineer¬ 
ing  models)  to  models  of  biotic  response  (ecological  models)  is  an  exercise  that  must  carefully 
address  the  issues  of  hierarchy,  scale  (in  time  and  space),  frameworks  of  reference,  and  curren¬ 
cies  used  by  the  candidate  models.  To  understand  the  hurdles  that  must  be  surmounted  in  creat¬ 
ing  model  linkages  and  to  be  a  contributor  to  the  model  linkage  effort,  practitioners  should  have 
a  basic  understanding  of  ecosystem  modeling  and  the  ecosystem  concept.  The  literature  review 
and  bibliography  provided  here  are  intended  as  an  entry  point  for  gaining  an  introductory 
grounding  and  a  basic  appreciation  for  this  topic. 

In  well-conditioned  situations,  it  is  clearly  possible  and  beneficial  to  link  engineering  models  of 
drivers  (the  physical-chemical  environment)  to  higher-level  models  of  ecological  response.  Two 
examples  (Peoria  Lake  and  Richard  B.  Russell  Lake)  where  this  was  successful  for  specific, 
restricted  purposes  are  shown.  The  authors  have  also  seen  an  example  where  such  a  linkage  is 
proving  extremely  difficult  (Chesapeake  Bay)  and  can  easily  envision  situations  where  it  would 
be  impossible  or  meaningless.  Connections  in  two  directions  (to  and  from  the  biota),  or  with 
multiple  hierarchical  levels  are  far  more  difficult  and  are  less  likely  to  be  successful  without  sub¬ 
stantial  changes  to  the  underlying  models.  The  actual  details  of  transferring  data  from  one  model 
to  another  are  beyond  the  scope  of  this  presentation,  but  can  be  a  tedious  undertaking;  one  that 
may  require  additional  computer  code  and  ecological  research  to  allow  a  meaningful  connection. 
Experts  who  represent  both  sides  of  the  proposed  model  linkage  and  the  underlying  ecological 
sciences  must  be  involved  in  any  linkage  attempt.  These  experts  will  serve  to  (1)  evaluate  and 
resolve  the  conceptual  issues  involved  in  the  linkage,  and  (2)  design  the  actual  linkage 
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mechanism.  The  linkage  of  two  models  is  envisioned  as  a  very  model-specific  undertaking  that 
could  yield  enormous  dividends  to  water  resource  managers  in  specific  instances,  but  is  not  a 
simple,  automatic  process,  and  it  should  not  be  attempted  without  careful  consideration  and  a 
well-demonstrated  need. 

ADDITIONAL  INFORMATION:  This  technical  note  was  written  by  John  Hains  and  David 
Soballe  who  were  affiliated  with  the  U.S.  Army  Engineer  Research  and  Development  Center 
during  the  preparation  of  the  document.  For  information  on  the  System-Wide  Water  Resources 
Program  (SWWRP),  please  consult  https://swwrp.usace.army.mil/  or  contact  the  Program  Man¬ 
ager,  Dr.  Steven  L.  Ashby,  at  Steven.L.Ashby@erdc.usace.army.mil.  For  further  information  on 
this  technical  note,  contact  David  Soballe,  601-634-4631,  David.M.Soballe@erdc.usace.army. 
mil.  This  technical  note  should  be  cited  as  follows: 

Hains,  J.,  and  D.  Soballe.  2007.  The  ecosystem  concept  and  linking  models  of 
physical-chemical  processes  to  ecological  responses:  Introduction  and  annotated 
bibliography.  SWWRP  Technical  Notes  Collection  (ERDC  TN-SWWRP-07-3). 
Vicksburg,  MS:  U.S.  Army  Engineer  Research  and  Development  Center. 
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